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論 文 内 容 要 旨 
 
Nowadays to reduce costs and preserve raw materials, more and more efficient materials are 
expected. For these reasons, recently architectured materials have become increasingly attractive. 
For example, porous materials are lighter than bulk materials and can be used as structural 
materials as long as they keep good mechanical properties. Making a porous material is also a 
solution to keep the volume constant while drastically increasing the surface. A high surface is 
necessary for many applications like catalyst or thermal exchanger...  
Recently, nanoporous metals have attracted considerable attention for their excellent functional 
properties. The first developed technique used to prepare such nanoporous noble metals is 
dealloying in aqueous solution.  Porous structures with less noble metals such as Ti or Fe are 
highly desired for various applications including energy-harvesting devices. The less noble metals, 
unstable in aqueous solution, are oxidized immediately when they contact wat er at a given 
potential so aqueous dealloying is only possible for noble metals. To overcome this limitation, a 
new dealloying method using a metallic melt instead of aqueous solution was developed. Liquid 
metal dealloying is a selective dissolution phenomenon of a mono-phase alloy solid precursor: 
one component (referred to as soluble component) being soluble in the metallic melt while the 
other (referred to as targeted component) is not. When the solid precursor contacts the metallic 
melt, only atoms of the soluble component dissolve into the melt inducing a spontaneously 
organized bi-continuous structure (targeted+sacrificial phases), at a microstructure level. This 
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sacrificial phase can finally be removed by chemical etching to obtain the final nanoporou s 
materials. Because this is a water-free process, it has enabled the preparation of nanoporous 
structures in less noble metals such as Ti, Si, Fe, Nb, Co and Cr.  
Nanoporous metals made by dealloying present a plastic behaviour at nanoscale while they 
present a rather brittle fracture behaviour at macro-scale, especially during tensile test. In the last 
years, in order to improve the mechanical properties and to increase the possible applications 
from this porous metal, some composite materials have also been investigated: metal-metal 
composites and metal-polymer composites. The case of porous Fe80Cr20 chosen for its abundance, 
low cost and good mechanicals properties will be study here.  
Some studies have been carried out on dealloying topic however there i s a lot of questions 
remaining. This work will both try to answer some of them and to open new perspectives.  
The objectives of this study are the fabrication  and the  characterization of the microstructure 
and mechanical properties of 3 different types of  materials by dealloying process : (i) metal/metal 
composites (FeCr-Mg), (ii) porous metal (FeCr) (iii) metal/polymer composites (FeCr -epoxy resin). 
The last objective is the evaluation of the possibilities to apply liquid metal dealloying in an 
industrial context.  
The microstructure study was based on 3D observation by X-ray tomography and 2D analysis with 
electron microscopy (SEM, SEM-EDX, SEM-EBSD). To have a better understanding of the 
dealloying, the  process was followed in situ by X-ray tomography and X-ray diffraction. Finally 
the mechanical properties were evaluated by nanoindentation and compression.  
This manuscript will be divided into 9 chapters.  
Chapter 1 will present a literature review. After a quick focus on porous metals, the literature 
about dealloying will be investigated: principle, elaboration, characteristics of these materials. 
Then the background on in/ex situ experiments made on these materials will be investigated. The 
composite materials made from dealloyed materials will be descr ibed. 
• Chapter 2 will present the image processing. In order to characterize the microstructure, 
common tools of materials science used to characterize the microstructure will be exploited and 
described in this chapter. First, the microstructural characterization tools will be developed: foam 
morphology with 2D/ 3D imaging methods and grain microstructure characterization tools will be 
described. Then a focus on image processing and methods for image quantitative analysis will be 
done. 
• Chapter 3 will present an analysis of the process by in situ elaboration. Dealloying and etching 
front have been both studied in situ under synchrotron radiations. First dealloying will be followed 
by X-ray tomography, then by X-ray diffraction. To explain the effect of some experimental 
parameters on dealloying kinetics, some simulations will be presented. Then the chemical etching 
will be imaged by X-ray tomography. 
• Chapter 4 will answer to the first objective of this study by presenting the different steps to 
obtain metal/polymer samples. First, precursor samples will be melted by arc -melting. Then 
metal/metal composites will be produced by liquid metal dealloying. To get porous samples, one 
phase of the metal/metal composites will be chemically etched. Finally after por es infiltration of 
the porous sample by epoxy resin, metal/polymer samples will be obtained. For each step, the 
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composite materials made from dealloyed materials will be descr ibed. 
• Chapter 2 will present the image processing. In order to characterize the microstructure, 
common tools of materials science used to characterize the microstructure will be exploited and 
described in this chapter. First, the microstructural characterization tools will be developed: foam 
morphology with 2D/ 3D imaging methods and grain microstructure characterization tools will be 
described. Then a focus on image processing and methods for image quantitative analysis will be 
done. 
• Chapter 3 will present an analysis of the process by in situ elaboration. Dealloying and etching 
front have been both studied in situ under synchrotron radiations. First dealloying will be followed 
by X-ray tomography, then by X-ray diffraction. To explain the effect of some experimental 
parameters on dealloying kinetics, some simulations will be presented. Then the chemical etching 
will be imaged by X-ray tomography. 
• Chapter 4 will answer to the first objective of this study by presenting the different steps to 
obtain metal/polymer samples. First, precursor samples will be melted by arc -melting. Then 
metal/metal composites will be produced by liquid metal dealloying. To get porous samples, one 
phase of the metal/metal composites will be chemically etched. Finally after por es infiltration of 
the porous sample by epoxy resin, metal/polymer samples will be obtained. For each step, the 
effect of the step on the resulting morphology and composition will be studied.  
• Chapter 5 will study by X-ray tomography the morphology of the obtained foams. Qualitative and 
quantitative analysis with density, characteristics lengths and topologically parameters analysis 
will be presented. 
• Chapter 6 will present the grain microstructure evolution during dealloying. The effect of the 
process on precursor grain microstructure will be studied. Then the effect of dealloying 
parameters (time and temperature) and precursor (composition and microstructure) on dealloyed 
grain microstructure will be investigated. To complete this study the microstructu re and the 
composition of partially dealloyed samples will be analyzed.  
• Chapter 7 will answer to the third objective of this study by investigating the mechanical behavior 
of the 3 types of composites previously elaborated. Young’s moduli and yield stres ses will be 
investigated by nanoindentation. The comparison of the different mechanical behaviors will be 
done by compressive tests. 
• Chapter 8 will evaluate the possible applications of dealloying in an industrial context. The 
strategy employs in this work is the use of commercial precursors. Three cases will be studied : 
dealloying from a stainless steel precursor and dealloying from two different nickel superalloy 
precursors. The effect of dealloying parameters and minor alloying  elements on resulting 
microstructure will be investigated. 
• The last chapter, Chapter 9 will present the general conclusions and the preservatives of this 
work. 
Elaboration-microstructure relationship 
From these precursors, metal/metal composites (dealloying), then porous meta ls (chemical 
etching) and finally metal/polymer composites (polymer infiltration) were fabricated. The key 
parameters of the processes to control microstructure and morphology were studied. Precursor 
influence of ratio targeted elements/soluble elements, influence of minor alloying elements, 
microstructure... 
The possibility of full dealloying or only partial dealloying is driven by the composition of the 
precursor: full dealloying is possible only when Ni proportion in higher than the parting limit. Foam 
density and pore size are directly controlled by precursor composition: porosity is almost equal to 
N i at% proportion. 
• The possibility of creating a bicontinous structure is driven also by the ratio targeted/soluble 
element. For the(FeCr)xNi1−x a bicontinous structure is present at least for 30 < x < 70. In case of 
a bicontinous structure, the tortuosity will be almost constant around 1 for both phase that should 
lead to good transport properties. 
• The dealloyed grain formation mechanisms, based on diffusion, is dependent of the amount of 
FeCr: for low FeCr amount, nucleation of new grains is the dominant behaviour (displacive 
transformation) while with high amount of FeCr grain growth will be dominant (diffusive process). 
In the case of a displacive transformation, precursor grain size will influence the grain size and 
orientation after dealloying as 
it can be observed in austenite/ferrite phase transformation.  
• The dealloying kinetics is influenced by the proportion of Ni: the higher the Ni amount, the faster 
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the process. But minor alloying element can change the kinetics (activation energy, solubility, ... 
are changed), for example Mo seems to slow done the process.  
• Precursors composition can also impact coarsening. Minor alloying element will change 
activation energy and diffusion kinetics, which can stabilize the morphology.  
• Characteristic length distribution depends on the local composition which can create 
complex/architectured microstructures. 
• The addition of smaller Cr (20%) amount seems to have a limited impact on microstructure and 
foam morphology. However it passivated the ligaments surface during chemical etching.  
Dealloying parameters (time and temperature of the liquid Mg metallic bath), control the kinetics of 
the dealloying process: the higher the temperature, the faster the process and the coarsening. 
This obvious results is in fact not so obvious: the dealloying kinetic of FeNi system behaves 
oppositely. For the FeCrNi system, and as function of the Ni concentration, dealloying and 
coarsening can be predicted. As the foam morphology (mathematically speaking) is always the 
same, the relationship between ligament size and specific surface is independent of the foam 
density and ligaments size. Therefore the specific surface is directly de pendent of the coarsening. 
Effect of chemical etching and polymer infiltration steps The effect of the fabricating step after 
dealloying on the morphology was also studied. The etching is complete, the full second phase is 
dissolved. The foam morphology is almost not affected by chemical etching, Cr plays its role of 
passivation. However for samples with a low amount of targeted elements, some macroscopic 
peeling can be observed that make samples manipulation difficult and alter the integrity of 
macroscopic samples. Polymer infiltration is the opposite of the etching step: all the porosities are 
fulfilled with polymer to produce a polymer/metal composite without any void or residual porosity. 
The different composition tested are fully polymerized.  
Microstructure - Mechanical properties relationship 
The mechanical properties of all composites were studied by nanoindentation and compression. 
The Young’s modulus of foam samples of this study is only proportional to their density (ratio 
FeCr/air) and therefore independent on the ligament sizes. On the contrary hardness and more 
generally plastic properties are highly impacted by foam density, morphology and ligaments sizes. 
The polymer’s choice is important for the mechanical properties. In the worse case polymer filled 
just help to manipulate the samples (they are less brittle) ; in the best case mechanical properties 
are slightly improved. The choice of the polymer and the proportion polymer/metal determine the 
final properties. The mechanical behavior of low FeCr phase fraction is consistent with other 
dealloyed materials. The mechanical properties can be easily improved by optimizing density, 
ligaments and grain size leading to new class of materials with low Young’s modulus and high 
yield stress. 
Application of liquid metal dealloying in an industrial context  
The application to the dealloying process in an industrial context requires to find low cost and 
easily obtainable precursors sample, therefore the use of commercial alloys as precursors was 
studied. A commercial S310 stainless steel with an amount of soluble element near the parting 
limit was firstly studied. The low amount of Ni in this composition leads to partial dealloying only, 
i.e. a texturation and functionalization of the surface while keeping the f ull integrity of the 
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The Young’s modulus of foam samples of this study is only proportional to their density (ratio 
FeCr/air) and therefore independent on the ligament sizes. On the contrary hardness and more 
generally plastic properties are highly impacted by foam density, morphology and ligaments sizes. 
The polymer’s choice is important for the mechanical properties. In the worse case polymer filled 
just help to manipulate the samples (they are less brittle) ; in the best case mechanical properties 
are slightly improved. The choice of the polymer and the proportion polymer/metal determine the 
final properties. The mechanical behavior of low FeCr phase fraction is consistent with other 
dealloyed materials. The mechanical properties can be easily improved by optimizing density, 
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Application of liquid metal dealloying in an industrial context  
The application to the dealloying process in an industrial context requires to find low cost and 
easily obtainable precursors sample, therefore the use of commercial alloys as precursors was 
studied. A commercial S310 stainless steel with an amount of soluble element near the parting 
limit was firstly studied. The low amount of Ni in this composition leads to partial dealloying only, 
i.e. a texturation and functionalization of the surface while keeping the f ull integrity of the 
macro-structure. The process is done with control of the ligaments size and dealloying depth: the 
maximum dealloying depth is reached in only 10 min and is not so sensitive to dealloying time and 
temperature (perfect for an industrial process). 
Next, a commercial Incoloy 800 with high amounts of Fe and Cr and low minor alloying elements 
amounts was used to produce a fully porous ferritic stainless steel with micrometer scaled 
ligaments and pores after dealloying. 
The studies on theoretical/perfect alloys gave the key parameters to control and predict the 
dealloying process. The application on complex commercial alloys have shown that despite the 
presence of many manor elements the thermodynamical approach is still valid, pre diction of the 
final composition are consistent and key parameters are the same. The minor elements have 
shown to help to stabilized the systems and slow down the transformation, which makes the 
dealloying even easiest to control and leads to thinner microstructures (coarsening is much 
slower). 
This proves the possibility of applying liquid metal dealloying in an industrial context.  
In conclusion liquid metal dealloying and resulting composite materials are very promising 
materials for many applications like electrochemical and bio-compatible materials. 
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